To date, most of the uses of the deformed cylinder formulation have involved the modal series solution which requires many terms to converge in the high-frequency region and, in general, is very cumbersome, if not impossible, to manipulate algebraically. Manipulation is essential when deriving formulas (usually approximate) that not only explicitly illustrate the physics of the scattering process but also describe the average scattering properties. For example, in order to estimate the scattering by rough cylinders, an approximate ray solution was used in the formulation. 8.9
The results were used to describe the general trend of the statistics of the echo from zooplankton 3 although since that solution involved dense elastic objects, it was not appropriate to compare the predicted levels to those measured from the animals. In addition to the rough cylinder problem, simple solutions are necessary to describe average echo levels from aggregations of animals of random orientation and length.
Data collected over the past several years provide information allowing us to develop a simple model. In particular, field data collected by Pieper et el., m and laboratory data collected by Stanton et el.
• involving average echoes from aggregations show a dip in the backscatter versus ka curve toward the lower end of the geometric scattering region. Laboratory data from Chu et el. 5 involving echoes from each of two individuals show a deep null in the same region. The laboratory data presented in the latter two articles showed the dip or null to consistently lie in the region surrounding ka = 2 where a is the equivalent cylindrical radius of the elongated animals (decapod shrimp whose bodies are representative of a broad class of marine organisms). The dip or null is indicative of strong interference between the acoustic wave or "ray" reflected from the front interface of the animal and a ray that has penetrated the interior with little loss and reflected off the back interface. Complementing these data are direct measurements of density and sound speed of various zooplankton that indicate that those properties are very similar (to within several percent) to those of the surrounding seawater. 12-14 All of the above (direct measurement and scattering) data viewed collectively suggest that the animals tend to behave acoustically as weakly scattering bodies. For a body to be weakly scattering, the material properties must be similar to those of the surrounding medium which, as stated above, is the case for these zooplankton. Also, as will be illustrated in the theoretical and numerical portions of this article, weakly scattering bodies of certain classes of shapes (cylindrical in this case) can be described acoustically by a simple two-ray model at broadside incidence. Such a formulation gives rise to a deep null near ka = 2 for a single target which is consistent with the data collected by Chu et el. 5 Note that even the average echo from aggregations of randomly oriented animals contains a dip that appears to be a "smeared" version of the null. 10,11 The dip is strong enough (of the order 5-10 dB below surrounding levels) that a model needs to be developed that predicts it.
With this significant evidence that the animals behave as weakly scattering bodies, we formulate a simple analytical approximate model that estimates the scattering levels and illustrates the fundamentals of the scattering process. Choice of this model was based, in part, on the desire for one that can be easily manipulated algebraically and is computationally efficient. These last three desirable features are not possible with the modal-series-based model described in Ref. 2 or other numerically oriented models although note that, while this current model is limited to weakly scattering materials, the modal-series-based model can be used for a broad range of materials.
The analysis is divided into two articles: this present one which involves formulating the basic physics of the scattering process for a single realization of length and angle of orientation in the region where the scattering amplitude tends to be at a maximum (near normal incidence) and a companion paper where the work is heuristically extended to include all angles of incidence for the purpose of averaging over angle. 
where some of the terms are illustrated in Fig. 1 (b The ray formulation can readily be incorporated into the above deformed cylinder equations by direct substitution to obtain approximate solutions to the scattering by a variety of bodies such as the straight finite cylinder, prolate spheroid (high aspect ratio), and uniformly bent cylinder. Adaptation of the integral formulation to each shape is described in Refs. 2 and 8 and includes (1) allowing the "cylindrical radius" of the prolate spheroid to vary along the lengthwise axis, (2) 
III. COMPARISON WITH LABORATORY DATA
In a recent study published by Chu et al., the backscatter data from two live decapod shrimp were presented and analyzed? The animals were tethered by human hair and individually insonified over the frequency range 300-650 kHz at near-normal incidence. In order to mount the animals, they were anesthetized, although note that they changed shape and orientation throughout the experiment (i.e., the medication slowed them down, but did not render them lifeless). Because of the motion of the animals, the echo level and spectral shape subsequently changed in time. To study this effect, many echoes were recorded from each animal representing a range of realizations of shape and orientation. The resultant plots of backscatter versus ka indicated strong modal resonances with nulls ranging in level from 10 to 30 dB below the surrounding value. The position of the nulls tended to shift slightly from realization to realization as one would expect for a body that is undergoing changes in shape and orientation. Once all of the echoes were averaged (incoherently) in the computer, the nulls were mostly "washed out" leaving more gradual dips of the order 5-8 dB below local levels.
One plot representative of the single echoes or realizations was compared with a single realization of the modalseries-based bent cylinder solution. There was reasonable qualitative comparison between the structure of the data and theory in that the general (ka) position of the peaks and nulls generally agreed. There was no basis for comparison between the absolute levels as the precise shape and orientation of the animal were not known. Another interesting feature of the plots is the fact that, although ray solutions typically are accurate only for very high ka, the "phase corrected" one illustrated in Fig. 2 appears to maintain reasonable accuracy down to about ka=0.1. In particular, the phase-corrected ray-based deformed cylinder solution was accurate down to values of ka=0.1, 0.02, and 0.3 for the straight finite cylinder, bent cylinder, and prolate spheroid, respectively. As discussed in Sec. I A, the correction involves heuristically removing the phase shift induced by a (high-frequency region) caustic in the low-frequency region. Accuracy in this lowfrequency region is essential in using sonars to classify zooplankton.
The usefulness of the ray-based deformed cylinder solution was illustrated in Fig. 5 structure. In particular, all data contained peaks and nulls (or dips) occurring in the same general location as that predicted by the single realization predictions. The shifting of their locations from echo to echo is undoubtedly due to the constantly changing shape and orientation of the animals. A more rigorous analysis in predicting the precise locations of the peaks and nulls and absolute levels would require knowledge of the precise shape and orientation of the animals. Nonetheless, the favorable comparison suggests that the animals (decapod shrimp) can be treated as weakly scattering fluid bodies whose scattering properties near-normal incidence can be approximated by a simple two-ray model. In addition to the major peaks and nulls mentioned above, there also appear to be some smaller ones occurring near ka=2.3, 3.2, 4.2 (possibly), and 5.4. Since the structure is so weak and the data set so limited, explanation regarding the mechanism causing the oscillations would be purely speculative. However, their near-unity periodicity does, in fact, correspond to the periodicity one would expect due to interferences between circumferential waves traveling near the speed of sound of the zooplankton and surrounding water. Whether of not such waves exist with these animals remains to be seen.
In conclusion, the simple two-ray-based deformedcylinder solution has proven to be a good descriptor of the scattering by idealized weakly scattering fluid objects nearnormal incidence. The model, besides having the advantage of illustrating the basic physics of the scattering, is in such a form that can be manipulated analytically and is easy to compute. The reasonable qualitative comparison of the structure of the ray solution with the shrimp data suggests that the irregularly shaped animals can be modeled as weak fluid scatterers whose scattering properties can be approximated, at least near-normal incidence, by a simple two-ray model. Although the scattering structure predicted by the single realization ray model is very sensitive to the precise shape and orientation of the animals, the sensitivity is dramatically reduced once ensemble averages with respect to length and orientation of the extended solution are performed in Ref. 11. In that companion article, the deep nulls from the single realization solution become rounded "dips" due to the averaging. The averages compare very well with data involving aggregations of up to hundreds of animals. Hence, the end result in that analysis involving many animals further validates use of the raybased formulas to describe scattering in the single realization case.
